Electrophiles readily bind to nucleophilic centers on intracellular macromolecules such as DNA and proteins. Electrophilic attack on DNA results in the formation of an adduct, leading to depurination due to hydrolysis of a purine base such as adenine or guanine. On the other hand, electrophiles also attack proteins, with the thiolate function as the most attractive site. Many protein cysteine (Cys) thiols are affected by their proximity to basic amino acids, which results a decrease in the thiol pKa value. This paper discusses the role of electrophilenucleophile interactions in the adverse health effects of electrophilic environmental chemicals such as arsenic compounds (groundwater contaminant), methylmercury (MeHg; a fish contaminant), and 1,2-naphthoquinone (1,2-NQ; an atmospheric contaminant).
INTRODUCTION
We are exposed to numerous chemical substances such as metals and polycyclic aromatic hydrocarbons (PAHs) that surround us in the environment. Because these chemicals are reported to have adverse health effects, electrophilic environmental chemicals have recently attracted considerable attention. When experimental animals and cultured cells are exposed to electrophiles, DNA and proteins are the molecular targets. Electrophiles react with DNA to form DNA-electrophile adducts that cause depurination of purine bases. When electrophiles react with proteins, their structure and function are affected, sometimes resulting in the unpredictable activation of cell signaling pathways and apoptosis ( Fig. 1) . Protective biological responses are also triggered by electrophiles to promote their detoxification. In this review, the biological responses to arsenic, methylmercury, and 1,2-naphthoquinone (1,2-NQ) as electrophilic environmental chemicals are discussed. * To whom correspondence should be addressed: Gradu- 
CHARACTERISTICS OF PROTEINS VULNERABLE TO ELECTROPHILIC ENVIRONMENTAL CHEMICALS
The dissociation of the cysteine (Cys) thiol group to its thiolate anion is required for the reaction with electrophiles. The pKa value of the thiol, clearly important in this interaction, can be markedly affected by adjacent basic amino acids in the secondary and tertiary structures of the protein.
For example, the pKa value of Cys215 in protein tyrosine phosphatase 1B (PTP1B) is 5.4, 1) and that of Cys32 of thioredoxin (Trx) is 6.7. 2) The low pKa values of these thiols make the corresponding proteins particularly vulnerable to electrophilic attack at physiological pH values. Although glutathione (GSH), a tripeptide with a Cys residue, exists at millimolar concentrations in the cells, the pKa value of its thiol is 8.66, 3) and thus electrophiles can react with proteins such as PTP1B and Trx in spite of the higher GSH concentration.
ARSENIC COMPOUNDS: GROUNDWATER CONTAMINANTS
Arsenic compounds are ubiquitously distributed in nature. This metalloid forms a complex with pyrite. Under certain conditions, arsenic is dissociated from the complex and is found in groundwater. In East Asia, particularly Bangladesh, Vietnam, and China, more than 30 million people are chronically exposed to it. 4) Chronic arsenosis is associated with liver, skin, lung, and bladder cancer, hypertension, Raynaud's syndrome, and peripheral vascular disorders. Inorganic arsenite (iAsIII) is an electrophile and reacts with thiols, yielding monoand dithioarsenite. Once iAsIII incorporated into the cells through aquaporin 7 or 9, iAsIII is metabolized by repetitive reduction and oxidative methylation. Recently, Hayakawa et al. 5) have proposed a novel pathway in which GSH conjugation is an intermediate to methylation. Among the methylated arsenic metabolites, monomethylarsonous acid (MMeAsIII) is much more toxic and is suspected to be a stronger electrophile than inorganic arsenic. 6) Our group has found that arsenic exposure in cultured cells, experimental animals, and humans results in decreased levels of the endogenous vasodilator, nitric oxide (NO). [7] [8] [9] To determine the mechanisms for this decrease, we determined the effects of MMeAsIII on endothelial NO synthase (eNOS) activity. The results showed that MMeAsIII inhibits eNOS activity and that this inhibition is diminished in the presence of dithiothreitol, suggesting that the inhibitory action of MMeAsIII on eNOS occurs through covalent attachment to vicinal thiols of the protein. 10) Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper transcription factor (bZip), which regulates the expression of phase II xenobiotic-metabolizing enzymes and phase III transporters. [11] [12] [13] Under normal conditions, Nrf2 is bound to Kelch-like ECH-associated protein 1 (Keap1) resulting in its ubiquitination. 14) Once the reactive thiols of Keap1 are modified by an electrophile, the hinge and latch model of the Nrf2/Keap1 binding motif is unbolted, leading to Nrf2 activation. 15) We found that iAsIII activates Nrf2 and upregulates antioxidant proteins such as heme oxygenase-1 (HO-1) and glutamylcysteine ligase (GCL). 16) We also studied the involvement of Nrf2 in iAsIII-induced cytotoxicity. With primary hepatocytes from wild-type or Nrf2-deficient mice, we demonstrated that iAsIII-induced cytotoxicity was greater in primary hepatocytes from Nrf2-deficient mice compared with wild-type hepatocytes. 16) Moreover, preincubation of the cells with sulphoraphane, an activator of Nrf2, prevented iAsIII-induced cytotoxicity through the reduction of arsenic accumulation in the cells. 17) These results indicate that the Nrf2/Keap1 system is involved in the biological responses to arsenic exposure.
Diphenylarsinic acid (DPAsV) was found as a contaminant in well water in the Kamisu area of Ibaraki prefecture, Japan, and exposure through drinking the water led to difficulty in walking, tremors of the extremities, and memory disturbances. 18) We hypothesized that DPAsV could activate Nrf2 as well as iAsIII, thereby upregulating downstream proteins. Consistent with this notion, Nrf2 was activated, and HO-1 and the GCL modulatory subunit (GCLM) were upregulated during exposure of mouse primary hepatocytes to DPAsV. 19) Nrf2 is reported to upregulate the catalytic subunit of GCL (GCLC). However, DPAsV also cleaves the GCLC, resulting in decreased intracellular GSH levels through the activation of caspase-3. Caspase-3 activation results from the p38 and/or JNK MAPK pathways, as DPAsV stimulates their phosphorylation. The data suggest that GCLC cleavage may impair the elimination of DPAsV, and the resulting intracellular accumulation may result in the apoptotic cell death of primary mouse hepatocytes. 19) 
METHYLMERCURY (MeHg), A FISH CONTAMINANT
In the environment, mercury (Hg) comes from natural and anthropogenic sources, cinnabar, and combustion of fossil fuel. Once released to the oceans, rivers, and lakes, Hg is methylated to yield MeHg and dimethylmercury by aquatic organisms. MeHg is known to cause central nervous system dysfunction, because it readily penetrates the bloodbrain and placental barriers. 20) MeHg accumulates in predatory fish species, and currently there is interest is in its health risk to humans who consume foodstuffs contaminated with MeHg such as tuna, swordfish, and shark.
MeHg exhibits a high affinity for sulfhydryl groups with a dissociation constant of 10 −15 , 21) and its association and dissociation reactions are rapid. 22) Upon cellular exposure, conjugates of protein sulfhydryl groups and the MeHg-GSH conjugate are found. 23, 24) The GSH conjugate is transported to the extracellular space through multidrugresistance proteins (MRPs). Among the MRPs, MRP1 and -2 are known to export GSH-conjugated substances. Since Nrf2 is negatively regulated by Cys thiols of the Keap1 protein, we hypothesized that MeHg might modify the Cys thiols of Keap1, leading to activation of Nrf2, which regulates MRP1 and -2 expression. Our rationale was that Nrf2 would play an important role in the MeHg excretion to the extracellular space. Consistent with this notion, primary hepatocytes from Nrf2-deficient mice were found to be susceptible to MeHg-induced cytotoxicity, whereas liver-specific Keap1-deficient mice were resistant. 25) Under these conditions, intracellular MeHg was higher in Nrf2 deficiency and reduced in Keap1 deficiency with a concomitant change in MRP1 and -2 expression levels. 25) These findings suggest that the Nrf2/Keap1 system responds to MeHg exposure by stimulation of MeHg excretion.
1,2-NQ, AN ATMOSPHERIC CONTAMINANT
Exposure to diesel exhaust particles (DEP), which are part of the 2.5-micrometer particulate matter (PM 2.5 ) of ambient air, is associated with the induction of adverse health effects such as asthma, cancer, and cardiovascular disease. However, few studies have examined which component(s) causes these health effects. PAHs and their derivatives in DEP are among the substances thought to be potential candidates for these deleterious effects, and we have identified 1,2-NQ, as one of the quinones in ambient air samples. 26) 1,2-NQ possesses α,β-unsaturated carbonyl groups and is a highly reactive electrophile that can react readily with protein thiolates. This property can be observed with 15-deoxy-∆ 12,14 -prostaglandin J 2 (15d-PGJ 2 ), a metabolite of the prostaglandin cascade. 15d-PGJ 2 reacts with the inhibitor of κB kinase β (IKKβ), AP-1, and peroxisome proliferator-activated receptor γ (PPARγ) to form covalent bonds, resulting in the alteration of their activities. 27) In previous studies, biotin-15d-PGJ 2 conjugate was used to demonstrate the binding of 15d-PGJ 2 to protein.
Based on those findings, we investigated whether 1,2-NQ as an electrophile would bind covalently to IKKβ, cyclic adenosire 3 ,5 -monophosphate (cAMP) response element-binding protein (CREB), and PTP1B, leading to the alteration of their activities. To address our hypothesis, we prepared a specific antibody against 1,2-NQ to detect proteins modified by this quinone.
The nuclear factor-κB (NF-κB) signal is known to participate in numerous physiologic responses and it plays a crucial role in inflammatory responses. 28) Once lipopolysaccharide (LPS) and tumor necrosis factor interact with their receptors on the cell surface, the NF-κB signaling cascade is activated, resulting in the upregulation of inflammatory cytokines, inducible NO synthase (iNOS), and cyclooxygenase-2. Exposure of RAW 264.7 cells to 1,2-NQ inhibited LPS-induced iNOS induction, NF-κB activation, and inhibitor-κB (IκB) phosphorylation. 29) An examination of the upstream kinase of NF-κB, IKKβ, verified that 1,2-NQ covalently binds with IKKβ, thereby inhibiting its enzymatic activity. 29) CREB is a bZip, which plays an important role in cardiac function, tumor progression, and memory. bZip such as CREB and AP-1, contain highly conserved Cys residues that are crucial for DNA binding. 30, 31) Because these Cys residues are surrounded by basic amino acids, their pKa values are likely to be relatively low, thereby becoming a molecular target for 1,2-NQ. In a study of the exposure of bovine aortic endothelial cells to 1,2-NQ, a 32) We have also examined 1,2-NQ effects on the guinea pig tracheal ring preparation and found that it induces a dose-dependent contraction. 33) The underlying mechanism for the contraction was found to be associated with the activation of epidermal growth factor receptor (EGFR) and vanilloid receptor (VR1) signaling. Thus pretreatment with an EGFR inhibitor, PD153035, restored 1,2-NQinduced tracheal contraction, indicating that contraction was, at least in part, attributable to EGFR phosphorylation that activates VR1, resulting in increased intracellular calcium content in the smooth muscle cells. 33) The dephosphorylation of tyrosine phosphates is as important as tyrosine phosphorylation in cell-signaling pathways. The protein tyrosine phosphatases (PTPs) catalyze the dephosphorylation of phosphotyrosine and one of them, PTP1B, negatively regulates EGFR activation by dephosphorylating the activated phosphotyrosine protein.
The low pKa value of Cys215 in the active center of PTP1B 1) suggested that 1,2-NQ-induced EGFR activation may be the result of the inactivation of PTP1B through covalent bond formation. Results of studies investigating this possibility indicated that 1,2-NQ inhibits PTP activity in the cells through covalent modification. Experiments utilizing MALDI-TOF-MS/MS verified that histidine (His)25 and Cys121 in PTP1B are targets for 1,2-NQ. Subsequent analysis with site-directed mutagenesis showed that Cys121, but not His25, was partially responsible for the inhibition of PTP1B. 34) 
CONCLUSIONS
This review is summarized as shown in Fig. 2 . eNOS, Nrf2/Keap1, IKKβ, CREB, and PTP1B are target molecules of environmental electrophiles (arsenic, MeHg, and 1,2-NQ) with subsequent biological effects and responses. These phenomena will likely be observed with other environmental chemicals, such as cadmium and benzo[a]pyrene quinones, which have strong electrophilicity.
We are continuing our studies investigating additional proteins that are targets for electrophilic chemicals that result in cellular changes. To search for these targets, specific probes that can recognize electrophilic substances are useful, and we are undertaking experiments to identify electrophile chemical-bound proteins from the viewpoint of the thiolate anions of target molecules.
